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Drug-resistant Neisseria gonorrhoeae poses a significant public health challenge. In recent years, gonococci
resistant to first- and second-line antibiotics have spread worldwide and new strains have developed that are
increasingly resistant to third-generation cephalosporins, which are currently our last line of available treatments.
Given the timeline required to develop new drugs or an effective vaccine for N. gonorrhoeae, a top priority is to use
the drugs that are available as effectively as possible. Currently, clinical management of gonorrhoea is based
upon treatment guidelines informed by international gonococcal antimicrobial susceptibility surveillance programmes. This approach, although currently the most practical, is subject to a number of limitations since surveillance data inherently provide population-level information. As a result, basing treatment guidelines on these
data can result in the prescription of more aggressive or broader treatment than is needed by individual patients
and hence inadvertently contribute to the development and spread of resistance to important drugs. Clearly,
methods are needed that provide patient-specific drug susceptibility information in a time frame that would
allow clinicians to prescribe individualized treatment regimens for gonorrhoea. Fortunately, in recent years,
there have been a number of advances in the development of rapid methods for characterizing both the genotype and the drug resistance phenotype of N. gonorrhoeae strains. Here, we review these advances and propose
additional studies that would help facilitate a transition towards an individualized treatment approach for
gonorrhoea.
Keywords: antibiotic resistance, gonorrhoea, public health, combination therapy, nucleic acid amplification tests, antimicrobial
susceptibility testing, guidelines, molecular surveillance

Introduction
New strains of MDR Neisseria gonorrhoeae have emerged globally
over the past 10 years. Treatment failures and N. gonorrhoeae
strains with reduced susceptibility to antibiotics are being
reported across Asia, Europe and now North America (Figure 1).
These reports reveal an alarming waning efficacy of thirdgeneration cephalosporins, the last line of antibiotics available
to treat gonorrhoea.1,2 Moreover, the prevalence of gonococci
that resist both first- and second-line antibiotics has dramatically
increased in recent years.3 Under the selection pressure imposed
by using broad-spectrum antibiotics, horizontal gene transfer
from other Neisseria species, especially those that live in the oropharynx, enables N. gonorrhoeae to acquire new drug resistance
mechanisms;4 the penA mosaic gene, which has a high positive
predictive value for cephalosporin resistance, is one such

example.2,5 The ability of N. gonorrhoeae to acquire and sustain
chromosomally mediated forms of drug resistance poses a
unique public health challenge to the control of sexually transmitted infections. For example, HIV targets mucosal lymphocytes
that become exposed when gonococci infect and destroy columnar epithelial cells.6 Since infection with gonococci can facilitate
HIV transmission,7 – 11 gonorrhoea treatment failures may
increase the risk of HIV transmission in populations heavily
impacted by gonococcal infection, especially MSM.
To keep physicians apprised of the latest trends in drug
resistance in gonorrhoea, the ECDC reports surveillance data
describing trends in changing antimicrobial susceptibility by country as part of the European Gonococcal Antimicrobial Surveillance
Programme (Euro-GASP).12 In the UK, gonococcal surveillance
data appear in the annual report from the Gonococcal
Resistance to Antimicrobials Surveillance Programme (GRASP).13
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Figure 1. Gonorrhoea global prevalence and reported drug resistance. This map shows the WHO estimated prevalence of gonorrhoea globally using a
shading gradient. Countries that have reported N. gonorrhoeae strains with reduced susceptibility to azithromycin are identified with a white circle.
Countries that have reported N. gonorrhoeae strains with reduced susceptibility to cephalosporins are shown with a black circle. Countries that have
reported N. gonorrhoeae strains with reduced susceptibility to both azithromycin and cephalosporins are shown with a half-black and half-white
circle. Fluoroquinolone resistance has been documented and is well distributed globally, but was not included in this map to preserve clarity.
Countries shaded with a diagonal striped pattern (e.g. Greenland, Mongolia etc.) were not included in the WHO prevalence data. Countries without
circles have not yet reported strains of N. gonorrhoeae with reduced susceptibility to azithromycin or cephalosporins.53,63 – 92

Similarly in the USA, the CDC issues treatment guidelines based on
data collected from the Gonococcal Isolate Surveillance Project
(GISP).14 The CDC revises treatment guidelines when treatment
failures are observed and a high prevalence of resistant or multiresistant strains are reported in the surveyed population.15 The
WHO recommends that only drugs with an expected efficacy of
≥95% should be used as first-line therapy to treat gonorrhoea.16
The current US treatment guidelines recommend combination
therapy with ceftriaxone and azithromycin or doxycycline.15 The
ECDC has published comparable treatment recommendations
as informed by Euro-GASP.12 These guidelines encourage clinicians to treat all gonorrhoea cases very broadly by prescribing
these antibiotics even where little or no drug resistance has
been reported. As a result, even those gonococcal infections
that could still be effectively treated with other drugs such as
amoxicillin would receive the broadest treatment available.17
Historically, this has been problematic because N. gonorrhoeae
drug resistance has quickly followed the introduction of new antibiotics (Figure 2). In general, widespread use of an antibiotic
decreases its efficacy over time by promoting drug resistance
through selective pressure.18 Conversely, decreasing the use of
an antibiotic may reduce the prevalence of drug resistance to
that particular antibiotic over time.19
We would be able to slow the development of resistance to
extended-spectrum cephalosporins if each patient was treated
with the narrowest, but still effective, antibiotic for their own infection. To be able to implement that approach, however, clinicians
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would need to know the drug susceptibility or resistance phenotype for their patients’ infections in real time, or near real time,
so that this information could inform their prescription choices.
This approach, which requires the development of rapid susceptibility testing methods, has been shown to reduce antibiotic
usage20 and could extend the utility of the drugs we currently
have to treat gonorrhoea.

What are the challenges associated with
individualized drug susceptibility testing?
Ideally, real-time assays or near real-time tests would best inform
the clinician of the patient’s gonorrhoea drug phenotype while the
patient is still in the clinic. Although we have reliable molecular
methods for detecting N. gonorrhoeae, there is no commercially
available molecular method to characterize N. gonorrhoeae
drug susceptibility. Moreover, little has been done to improve
and speed up culture-based antimicrobial susceptibility testing
(AST). Agar dilution is the current gold standard for performing
AST on N. gonorrhoeae as recommended by the US CDC and
CLSI.21,22 Despite the reliability of the data it produces, agar dilution is time consuming and labour intensive, which poses a problem for smaller microbiology or hospital laboratories. Other
AST culture-based methods such as the Epsilometer test (Etest)
and disc diffusion still take 24 h to generate data and must
be performed by experienced laboratory technologists or

Downloaded from http://jac.oxfordjournals.org/ at University of California, Los Angeles on November 13, 2014

Prevalence of N. gonorrhoeae

JAC

Review

E) Penicillin and tetracycline are no longer
recommended for gonorrhoea treatment

2011
2012

2007
2008

K) Ceftriaxone-resistant
N. gonorrhoeae found in
Japan

2004

1997

1993

1987

1981

D) PPNG containing tthe R-plasmid
encoding high-level tetracycline
resistance reported in the USA

Gonorrhoea with
J) Go
reduc
reduced
susce
susceptibility to
oral ccephalosporins
detec
detected in the USA

F) Fluoroquinolones recommended to treat
gonorrhoea due to high PPNG in the
population
G) Fluoroquinolone-resistant N. gonorrhoeae
detected in Hong Kong and the Philippines
H) Fluoroquinolones no longer recommended
to treat gonorrhoea; WHO & CDC now
recommend oral cephalosporins

I) Cephalosporin-resistant
N. gonorrhoeae discovered in
Japan and Australia

Figure 2. Timeline of gonorrhoea antibiotic treatments and treatment guidelines. This timeline shows when antibiotics such as penicillin, spectinomycin,
tetracycline, fluoroquinolones and cephalosporins were used to treat gonorrhoea and when drug resistance was first reported for each of these
antibiotics. We observe a pattern that drug resistance quickly follows the widespread use of antibiotics. The WHO, ECDC and US CDC changed the
corresponding treatment guidelines based on documented N. gonorrhoeae strains with reduced susceptibility to those antibiotics. However,
changing the treatment protocol imposes new selection pressure on the bacterium, resulting in natural selection favouring the persistence of
N. gonorrhoeae strains with reduced susceptibility to the current antibiotic treatment.15,32,56,93 – 99

microbiologists to ensure results comparable to the gold standard. Broth microdilution methods for AST of N. gonorrhoeae have
yet to be robust enough for clinical application. However, recent
studies have shown progress towards developing media that
support the growth of this fastidious bacterium.23 – 26 Without
additional enhancement to the existing AST methods for gonorrhoea, little can be done to improve drug susceptibility testing
and surveillance response times.
Another consideration is that most clinical laboratories no
longer receive clinical specimens allowing for the isolation and
subsequent routine performance of AST on N. gonorrhoeae, as
the introduction of molecular diagnostics for the detection of gonorrhoea has extensively replaced culture and isolation methods.27
Instead, gonorrhoea surveillance in the USA is conducted by the
CDC in concert with a network of clinicians and public health
laboratories through GISP. GISP reference laboratories characterize the drug susceptibilities of each isolate collected from sentinel
sites across the USA using the agar dilution method.28 Performing
this assay on aggregated isolates submitted by participating public health laboratories in most cases holds back results for submitted cultures for 3 –6 months. This lag time in reporting AST values
back to local public health authorities means that it is impractical
to use individual GISP results to optimize treatment choices for
specific patients. Instead, the goal of the GISP programme is to
provide population-level information. The CDC reports the

aggregate GISP data annually, showing the current trends in
gonococcal drug susceptibility and demographics in populations
across the USA.29 These results are used to modify treatment
guidelines and recommendations in the Morbidity and Mortality
Weekly Report.15 Similarly, the GRASP surveillance data13 have
led the British Association for Sexual Health and HIV to amend
the guidelines for gonorrhoea treatment in the UK.30 Further,
the ECDC reports their surveillance data annually and describes
gonococcal resistance rates in Europe.12
Because these gonorrhoea surveillance programmes provide
data at the population level, sampling biases can confound
observed trends.12 Rates of drug resistance in gonorrhoea are
higher in MSM than in men who have sex with women (MSW)
due to different behaviour in these subpopulations.8,31,32
Although some overlap occurs between sexual networks,
N. gonorrhoeae strains are more or less conserved among MSM
compared with MSW.33,34 Depending on the percentage of MSM
presenting for treatment at sentinel sites, there may be oversampling resulting in an apparent overall higher incidence of
drug-resistant gonorrhoea.13 A recent study traced the spread
of gonococci with the penA mosaic gene largely through an
MSM sexual network across the USA.35 With the inclusion of samples taken from MSM patients, the GISP programme successfully
identified emerging N. gonorrhoeae with reduced susceptibility
to cephalosporins in the USA. This sampling design favours the
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sensitive and early detection of MDR N. gonorrhoeae strains circulating in the population. However, the current sampling strategy
may not reflect the actual distribution of gonococci with reduced
susceptibility to cephalosporins in the overall population. The
ECDC has recognized this form of sampling bias as a limitation
to these surveillance strategies.12 By encouraging clinicians to
treat patients based upon the incidence of cephalosporinresistant N. gonorrhoeae circulating in the general population
rather than tailoring treatment to individual patients, we decrease
the utility of our already limited antibiotic arsenal.

Ideally, drug susceptibility information would be gathered for
individual patients when they are tested for gonorrhoea.
However, gonorrhoea AST relies on culture-based methods,
such as agar dilution or disc diffusion, which most laboratories
no longer perform. Although primarily used by international surveillance programmes and for legal purposes, culture is not the
main method used by laboratories to detect gonorrhoea infections. In the USA and the UK, public health and clinical microbiology laboratories have moved from routinely performing
culture-based gonorrhoea testing to using a variety of nucleic
acid-based assays, in particular nucleic acid amplification tests

Qiagen Digene Hybrid
Capture 2: 1.8% Roche AMPLICOR: 1.1%

Laboratory-developed
method: 1.1%

Other: 1.7%

Commercial kit: 2.0%
Abbott m2000: 3.3%
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13.8%
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Figure 3. 2013 College of American Pathologists (CAP) survey results for gonorrhoea NAAT testing. This chart illustrates the percentage of different NAAT
platforms used to detect N. gonorrhoeae in the 2013 CAP Proficiency Survey. Nine hundred and three CLIA-certified laboratories participated in this
proficiency survey (where CLIA stands for Clinical Laboratory Improvement Amendments). Most laboratories performed transcription-mediated
amplification using the APTIMA Combo 2 Assay (378) followed by strand displacement assay using the BD ProbeTec/Viper XTR (222) and PCR using
the Roche COBAS AMPLICOR platform (125). The other CLIA laboratories that participated reported using the BD Viper XTR with extracted samples
(79), the Abbott m2000 (30), commercial kits (18), the Qiagen Digene Hybrid Capture 2 assay (16), the Roche AMPLICOR (10), in-house
laboratory-developed methods (10) and other manufacturers identified by ,10 participating laboratories (15).100
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Implications of nucleic acid amplification
testing

(NAATs), especially where there are high volumes of patient
samples (Figure 3).27,36 – 39 These NAATs have replaced bacterial
culture due to their high degrees of sensitivity and specificity,
which can detect asymptomatic infections during routine
patient screening. 40 – 42 In addition to these benefits, NAATs
have been designed as multiplex assays, many of which can
detect Chlamydia trachomatis in addition to N. gonorrhoeae.43
Moreover, NAATs have the capability to detect gonococci at
body sites from which it would often be difficult to isolate pure
N. gonorrhoeae cultures.43 – 45
NAATs, however, have their own set of limitations. NAATs are
susceptible to false positive results due to the high amount of
genetic exchange among commensal Neisseria species in pharyngeal samples.42,46 Complicating matters, some researchers
have reported false negatives by competitive inhibition, or competition between multiple targets, for a finite number of reagents
in multiplex NAAT assays for detecting N. gonorrhoeae and
C. trachomatis.46 – 48
The commercial application and practical utility of PCR-based
NAATs that can detect both organism and resistance genes has
been demonstrated. For example, Cepheid has developed a
GeneXpert assay to quantify infection with Mycobacterium tuberculosis and to detect rifampicin resistance genes in primary sputum samples in both low- and high-prevalence populations.49,50 A
validation study of the Cepheid assay reported sensitive detection
of M. tuberculosis and rifampicin resistance in ,2 h in samples
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resistance, we should expand our culture-based surveillance system and enhance with molecular surveillance. Using this
approach, health jurisdictions can better identify the resistance
patterns within their communities while informing local treatment guidelines with molecular and culture-based data. This
requires isolation of gonococci from patients, which can be problematic for laboratories that have abandoned culture in order to
exclusively run NAATs. However, the presented approach is paramount to understanding the changing landscape of N. gonorrhoeae drug resistance across the globe.

Recommendations
Based on the presented challenges of current drug susceptibility
testing and the implications of NAAT testing for gonorrhoea,
new strategies are needed to detect and treat gonococcal infections while maintaining active surveillance programmes to detect
new resistance patterns. Adding drug resistance detection markers to current NAAT gonorrhoea detection platforms could fundamentally alter patient management from surveillance-based
treatment guidelines to individualized treatment based on timely
laboratory data. Switching the paradigm to an individualized
treatment strategy would lower the evolutionary selection pressure on last-line antibiotics while simultaneously gaining greater
longevity for our older antibiotics. Patients without MDR gonorrhoea could be treated with combination therapy using these
older antibiotics so they do not develop resistance to our last-line
drugs.62 This is particularly important for gonorrhoea because
many forms of gonococcal drug resistance are chromosomal
and well maintained despite discontinuation of older antibiotics.5
Since these chromosomal forms of resistance persist,5 it is important not to use discontinued antibiotics such as ciprofloxacin in
monotherapy to treat uncomplicated gonorrhoea; rather, we
should use older antibiotics in combinations that would delay
the development of resistance. Speers et al. 17 demonstrated
that combination therapy using multiple drugs (amoxicillin, azithromycin and probenecid) paired with molecular surveillance for
penicillinase-producing N. gonorrhoeae (PPNG) was effective
at delaying the emergence of PPNG in Western Australia.
Combination therapies customized to the individual patient’s circumstances would slow the ability of N. gonorrhoeae to develop
and maintain drug resistance towards a singular antibiotic or antibiotic class.62 We argue that there is a need for localized molecular surveillance to aid in identifying endemic drug resistance
patterns to better inform treatment approaches. However, until
commercial NAATs can rapidly and reliably detect molecular
resistance markers for individual patients, we must supplement
these data with culture-based AST.
To keep up with the evolution of N. gonorrhoeae, we must
develop and validate new drug susceptibility testing methods
for characterizing gonococci in a shorter time scale. As previously
discussed, research groups have worked towards broth microdilution for cultivation and AST of N. gonorrhoeae.23 – 26 Introducing an
effective broth microdilution AST system for gonorrhoea would
decrease the amount of time required to detect drug-resistant
isolates while simultaneously reducing required materials, storage space and labour. Furthermore, broth microdilution has the
potential for establishing high-throughput screening for antibiotic
resistance. A high-throughput screening system would greatly
enhance current gonorrhoea surveillance across the globe by
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from high-prevalence areas.50 The decreased turnaround time
and improved sensitivity of the M. tuberculosis – rifampicin combined assay demonstrates how a NAAT test can be used to quickly
and effectively identify drug-resistant organisms compared with
traditional culture-based methods. Given the limitations previously described for culture of gonococci, the sensitivity and specificity of NAAT technologies has great potential for moving towards
guided treatment for gonorrhoea.
Presently, no NAAT platforms that provide drug resistance
information for gonorrhoea are commercially available,36,46,51
although several PCR-based NAATs have been developed to detect
resistance markers in N. gonorrhoeae. PCR-based assays have
been validated to detect the gyrA and parC mutations associated
with reduced susceptibility to fluoroquinolones52,53 as well as the
23S rRNA and mtrR mutations associated with elevated azithromycin MICs.54 The previously described mosaic penA gene has
been widely associated with decreased susceptibility to cephalosporins, making these alleles a major target for developing and refining NAATs to specifically detect cephalosporin resistance.55 – 59 With
this approach, NAATs would enable clinicians to individualize
patient treatment by detecting common drug resistance markers.37,60 Once available, the use of new NAATs for identifying
drug resistance markers in clinical samples would be easy to implement in hospital and clinical laboratories that already rely on NAATs
for clinical diagnosis.
While the prospect of using NAATs to obtain antibiotic resistance information in near real time shows promise, the rapid
evolution of N. gonorrhoeae remains an ongoing challenge.
Gonococci easily acquire new plasmid-mediated and chromosomal resistance genes to counteract new antibiotics. Multiplex
PCR and other NAATs can be used to detect known drug resistance
markers, but will not detect novel ones.46 The recent discovery of
the mosaic penA gene demonstrates that not all of the drug
resistance mechanisms employed by Neisseria spp. have been
clearly defined. For example, variability between penA mosaic
alleles can lead to different MICs, requiring genomic sequencing
to identify those alleles that contribute to cephalosporin resistance.5 Moreover, most penA mosaics originate in commensal
Neisseria spp., making pharyngeal detection of drug-resistant
gonorrhoea problematic. 5 However, NAAT testing can be
employed to perform molecular surveillance for well-known
drug resistance markers in the population. Speers et al. 17 demonstrated that NAATs could be used to determine local drug resistance patterns in Western Australia, resulting in evidence-based
treatment guidelines for patients in that area. Employing molecular surveillance for gonorrhoea drug resistance markers could
elucidate these patterns across the globe, enabling local communities to generate evidence-based treatment guidelines.
While the Western Australia case study demonstrates that
NAATs can be used to develop evidence-based treatment guidelines for local jurisdictions, this example also highlights why
NAATs cannot be the entire solution. NAATs can be used to reliably
detect the TEM-1 and Tet(M) plasmids conferring penicillin and
tetracycline resistance, respectively, as well as mutations in the
gyrA, parC and mtrR genes using PCR-based methods. 61
However, NAATs are less reliable for detecting cephalosporin
resistance and azithromycin resistance because of the high
sequence variability in penA and 23S rRNA alleles in N. gonorrhoeae.5 Until we can design reliable NAATs to characterize
these genetic determinants for cephalosporin and azithromycin

Review

reducing the lag time for generating results and allowing for larger
datasets to be collected and tested. Until such a system has been
validated and implemented, combining the current international
surveillance systems with improving NAATs and molecular surveillance for use in laboratories is our best option for stemming the
tide of drug-resistant gonorrhoea.
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